Two aspects are always considered in the design and development of new surfactants for oilfield application. One of them is that surfactant must be sufficiently stable at reservoir temperature and the other is the solubility of the surfactant in the injection water (usually seawater) and the formation brine. Most industrially applied surfactants undergo hydrolysis at elevated temperature and the presence of reservoir ions causes surfactant precipitation. In relevance to this, a novel series of quaternary ammonium gemini surfactants with different length of spacer group (C8, C10, and C12) was synthesized and characterized using FT-IR, 13 C NMR, 1 H NMR, and MALDI-TOF MS. The gemini surfactants were prepared by solvent-free amidation of glycolic acid ethoxylate lauryl ether with 3-(dimethylamino)-1-propylamine followed by reaction with dibromoalkane to obtain quaternary ammonium gemini surfactants. The gemini surfactants were examined by means of surface properties and thermal stabilities. The synthesized gemini surfactants showed excellent solubility in the formation brine, seawater, and deionized water without any precipitation for up to three months at 90 • C. Thermal gravimetric data revealed that all the gemini surfactants were decomposed above 227 • C, which is higher than the oilfield temperature (≥90 • C). The decrease in critical micelle concentration (CMC) and surface tension at CMC (γ cmc ) was detected by enhancing spacer length in the order C8 > C10 > C12 which suggested that the larger the spacer, the better the surface properties. Moreover, a further decrease in CMC and γ cmc was noticed by enhancing temperature (30 • C > 60 • C) and salinity (deionized water > seawater). The current study provides a comprehensive investigation of quaternary ammonium gemini surfactants that can be further extended potentially to use as a suitable material for oilfield application.
Introduction
In the past decades, gemini cationic surfactants containing ammonium headgroup have been extensively used for multiple oilfield applications, such as anti-corrosion in oilfield wells [1] , fracturing fluid [2] , micellar slug [3] , foam generation [4, 5] , collecting and dispersing the spilled crude oil [6] , reservoir stimulation [7] wettability modification [8] , and enhanced oil recovery [9, 10] . They possess important physicochemical activities including lower critical micelle concentration (CMC), higher interface/surface properties, good solubility, compatible with carbonate rocks, high thermal stability, and unique aggregation behavior as compared to their monomeric counterpart [5, [11] [12] [13] .
Solubility Experiments
The gemini amphiphiles (GS8, GS10, GS12) (10 wt % each) were dissolved in FW, SW, DW, and kept in an oven for three months. The temperature of the oven was set at 90 • C and the solubility was visually observed with elapsed time.
Thermal Gravimetric Analysis
SDT Q600 machine from TA instrument was used for the TGA measurement (New Castle, DE, USA). The experiment was done with a fixed heating rate (20 • C/min) and fixed nitrogen flow (100 mL/min), and the temperature interval was 30 • C to 500 • C.
Surface Tension Experiments
Surface tension values for GS8, GS10, and GS12 were investigated with the aid of a force tensiometer (Sigma 702, Biolin Scientific, Gothenburg, Sweden) using the Wilhelmy plate technique. The experiments were conducted at 30 ± 0.1 • C and 60 ± 0.1 • C. Wilhelmy plate was washed using DW and burnt on a blue flame before every experiment. The surface tension of DW was examined as a benchmark.
Synthesis

Synthesis of GS8
The GS8 was synthesized as depicted in Scheme 1. Glycolic acid ethoxylate lauryl ether (6) (average Mn~690) (10 g, 14. 49 mmol) and 3-(dimethylamino)-1-propylamine (5) (2.96 g, 28.99 mmol) were refluxed for 6 h at 160 • C in a 250 mL round bottom flask using sodium fluoride (0.06 g, 1.45 mmol) as a catalyst [29] . An extra 3-(dimethylamino)-1-propylamine (2.22 g, 21.74 mmol) was introduced in order to convert all the glycolic acid into amide intermediate (4) and the reaction progressed an extra four hours. Eventually, the unreacted 3-(dimethylamino)-1-propylamine was extracted and the solid sodium fluoride was removed to acquire intermediate 4. In the second step, intermediate 4 (10.0 g, 12. 92 mmol) was refluxed with 1,8-dibromooctane (1.41 g, 5.17 mmol) in anhydrous ethanol (5 mL) for 48 h at 80 • C. Finally, the crude material was refined by column chromatography with ethanol (mobile phase) to acquired GS8 as a thick oil [30] .
GS10 and GS12 were synthesized in the exact same manner as GS8. 
Results
Three quaternary ammonium gemini surfactants (GS8, GS10, and GS12) having flexible larger spacer were synthesized by treating glycolic acid ethoxylate lauryl ether (6) with 3-(dimethylamino)-1-propylamine (5) using NaF catalyst to form intermediate (4) (Scheme 1, Figure 1 ). The intermediate (4) was then further reacted individually with 1,8-dibromooctane, 1,10-dibromodecane, and 1,12-dibromododecane to acquired GS8, GS10, and GS12, respectively. Scheme 1. Synthesis of quaternary ammonium gemini surfactants (GS8, GS10, and GS12).
Structure Confirmation
The structure elucidation of all gemini surfactants was done using 1 H NMR, 13 C NMR, FTIR, and MALDI-TOF MS. The structure elucidation of GS12 is illustrated here, while the data of GS8 and GS10 is given in Supplementary Materials (Figures S1-S8). The 1 H NMR spectra of GS12 (Table 1 , Figure 2 ) showed the existence of characteristic signals at δ 0.88 ppm and δ 1.25 ppm corresponding to the CH3 and CH2 moieties constituting hydrophobic tail. The presence of CH3 groups connected to the quaternary ammonium [-(CH3)2-N-(CH2)12-N-(CH3)2-] was evident from a singlet peak at δ 3.27 ppm [5] . The most intense peak at δ 3.65 ppm was attributed to the presence of the ethylene oxide chain (-O-CH2-CH2-O-CH2-CH2-) [31] . The singlet peak that appeared at δ 4.03 ppm was coupled with the CH2 group next to the carbonyl group [-CH2-CH2-O-CH2-C=O- NH-] . Characteristic signals at δ 7.98 ppm could be coupled to the proton of the amide group [-CH2-C=O-NH-CH2-] [32] . 
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Structure Confirmation
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The FT-IR data of GS12 (Table 3, Figure 4 ) revealed an adsorption band at 3412 cm −1 correspond to N-H stretching vibration. The signals at 2855 cm −1 and 2921 cm −1 can be attributed to the symmetric and asymmetric vibration of the CH 2 groups. Characteristic signals at 1627 cm −1 and 1542 cm −1 could be coupled with the C=O stretch of amide I and amide II band [38] . Resonance signals at 1463 cm −1 and 1347 cm −1 is a result of CH 2 and CH 3 bending vibrations, respectively. The most intense peak at 1096 cm −1 corresponds to the ether (C-O-C) functional group [39] . FT-IR spectra of quaternary ammonium gemini surfactants (GS12). Table 3 . FT-IR spectral data of the quaternary ammonium gemini surfactants (GS12). GS8  3409  2920  2853  1628  1545  1464  1348  1097  945  GS10  3411  2922  2851  1631  1544  1465  1350  1099  947  GS12  3412  2921  2855  1627  1542  1463  1347  1096  946 According to MALDI-TOF MS spectra (Table 4 , Figure 5 ), the characteristic peak at 724.5 may be attributed to the homolytic bond breaking between quaternary ammonium and terminal carbon of Table 3 . FT-IR spectral data of the quaternary ammonium gemini surfactants (GS12). GS8  3409  2920  2853  1628  1545  1464  1348  1097  945  GS10  3411  2922  2851  1631  1544  1465  1350  1099  947  GS12  3412  2921  2855  1627  1542  1463  1347  1096  946 According to MALDI-TOF MS spectra (Table 4 , Figure 5 ), the characteristic peak at 724.5 may be attributed to the homolytic bond breaking between quaternary ammonium and terminal carbon of spacer. Such kind of homolytic cleavage gives rise to the radical cation and demonstrates that the GS12 containing n = 11 and x = 9 is the major component. Table 4 . MALDI-TOF MS analysis of quaternary ammonium gemini surfactants (GS8, GS10, and GS12).
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Stability of surfactant in a hot environment is the key factor for its oilfield application [40] [41] [42] . We examined the heat stability of the three-quaternary ammonium gemini surfactants (GS8, GS10, and GS12) at elevated temperature with the help of TGA. All three GSs exhibited almost similar thermal behavior ( Figure 6 ) and thermal decomposition was observed at two stages. The initial 3.3% loss in weight for all GSs may be associated with the loss of solvent impurities and residual water. A second and sharp loss in weight for all GSs was identified at 227 °C reflecting the degrading effect of temperature on the chemical structure of GS8, GS10, and GS12 and it was significantly higher than the real oilfield temperature (≥90 °C). GS8, GS10, and GS12 contain the same number of hydrophobic units (tail groups) and hydrophilic units (EO groups), and the same ammonium headgroups. They differ with each other by two methylene units in the spacer group. Therefore, a significant difference in thermal properties was not observed. In summary, the variation of spacer length has no significant effect on the thermal stability of the GSs and, overall, GSs were found to be thermally stable at elevated temperature.
GS10
680.2
Gemini Surfactants Intense Peak
Heat Stability
Short-Term Heat Stability
GS12
724.5
Energies 2019, 12, x FOR PEER REVIEW 8 of 17 Table 4 . MALDI-TOF MS analysis of quaternary ammonium gemini surfactants (GS8, GS10, and GS12). 
Gemini Surfactants Intense Peak
Heat Stability
Short-Term Heat Stability
Stability of surfactant in a hot environment is the key factor for its oilfield application [40] [41] [42] . We examined the heat stability of the three-quaternary ammonium gemini surfactants (GS8, GS10, and GS12) at elevated temperature with the help of TGA. All three GSs exhibited almost similar thermal behavior ( Figure 6 ) and thermal decomposition was observed at two stages. The initial 3.3% loss in weight for all GSs may be associated with the loss of solvent impurities and residual water. A second and sharp loss in weight for all GSs was identified at 227 °C reflecting the degrading effect of temperature on the chemical structure of GS8, GS10, and GS12 and it was significantly higher than the real oilfield temperature (≥90 °C). GS8, GS10, and GS12 contain the same number of hydrophobic units (tail groups) and hydrophilic units (EO groups), and the same ammonium headgroups. They differ with each other by two methylene units in the spacer group. Therefore, a significant difference in thermal properties was not observed. In summary, the variation of spacer length has no significant effect on the thermal stability of the GSs and, overall, GSs were found to be thermally stable at elevated temperature. FT-IR spectra of quaternary ammonium gemini surfactants (GS12). Table 3 . FT-IR spectral data of the quaternary ammonium gemini surfactants (GS12). GS8  3409  2920  2853  1628  1545  1464  1348  1097  945  GS10  3411  2922  2851  1631  1544  1465  1350  1099  947  GS12  3412  2921  2855  1627  1542  1463  1347  1096  946 According to MALDI-TOF MS spectra (Table 4 , Figure 5 ), the characteristic peak at 724.5 may be attributed to the homolytic bond breaking between quaternary ammonium and terminal carbon of spacer. Such kind of homolytic cleavage gives rise to the radical cation and demonstrates that the GS12 containing n = 11 and x = 9 is the major component. 
Gemini Surfactants
. Energies 2019, 12, 1731 8 of 16
Heat Stability
Short-Term Heat Stability
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Long-Term Heat Stability
Long-term thermal stability is the pre-requisite for the material subjected to oilfield application. The applied surfactants stay in the oilfield for a long time and the high temperature of the oilfield (≥90 °C) can lead to surfactant decomposition. We investigated long-period heat stability of the synthesized GS10 by the aging procedure in which GS10 was dissolved in seawater and left in an oven over a period of three months at 90 °C followed by structure elucidation of the aged GS10 sample with the aid of NMR and FT-IR spectroscopy. As revealed by the 1 H NMR spectra of the aged sample of GS (Figure 7) , the terminal CH3 of the lipophilic tail appeared at δ = 0.88 ppm. The multiple CH2 groups in the lipophilic tail were observed at δ = 1.26 ppm. The multiple CH3 groups at the ammonium headgroup were resonated at δ = 3.29 ppm. The CH2 groups in the ethoxy chain were detected δ = 3.65 ppm. The singlet peak of amide proton was identified at δ = 7.97 ppm. As displayed in the 13 C NMR spectra of the aged sample of GS10 (Figure 8 ), the terminal CH3 of the lipophilic tail was observed at δ = 13.9 ppm. The multiple CH2 groups in the lipophilic tail were detected at δ = 22.5-31.8 ppm. The multiple CH3 groups at the ammonium headgroup were identified at δ = 51.1 ppm. Similarly, the CH2 groups from both sides of ammonium headgroup were resonated at δ = 62.0 ppm and δ = 64.4 ppm. The multiple CH2 groups in the ethoxy chain were seen by the signals at δ = 69.9 ppm. The signals at δ = 170.9 ppm can be attributed to the carbonyl carbon of the amide group. The FT-IR spectra of GS10 (Figure 9 ) exhibited an adsorption band at 3414 cm −1 related to N-H stretching. Two sharp peaks at 2853 cm −1 and 2919 cm −1 can be related to the symmetric and asymmetric stretching of the CH2 groups. Characteristic peaks at 1625 cm −1 and 15,439 cm −1 may be attributed to the carbonyl stretching of amide I and amide II band. The signals at 1461 cm −1 and 1344 cm −1 can be coupled with the CH2 and CH3 bending, respectively. The intense peak at 1097 cm −1 can Figure 6 . Thermal gravimetric analysis of gemini surfactants with different spacer length.
Long-term thermal stability is the pre-requisite for the material subjected to oilfield application. The applied surfactants stay in the oilfield for a long time and the high temperature of the oilfield (≥90 • C) can lead to surfactant decomposition. We investigated long-period heat stability of the synthesized GS10 by the aging procedure in which GS10 was dissolved in seawater and left in an oven over a period of three months at 90 • C followed by structure elucidation of the aged GS10 sample with the aid of NMR and FT-IR spectroscopy. As revealed by the 1 H NMR spectra of the aged sample of GS (Figure 7) , the terminal CH 3 of the lipophilic tail appeared at δ = 0.88 ppm. The multiple CH 2 groups in the lipophilic tail were observed at δ = 1.26 ppm. The multiple CH 3 groups at the ammonium headgroup were resonated at δ = 3.29 ppm. The CH 2 groups in the ethoxy chain were detected δ = 3.65 ppm. The singlet peak of amide proton was identified at δ = 7.97 ppm. As displayed in the 13 C NMR spectra of the aged sample of GS10 (Figure 8 ), the terminal CH 3 of the lipophilic tail was observed at δ = 13.9 ppm. The multiple CH 2 groups in the lipophilic tail were detected at δ = 22.5-31.8 ppm. The multiple CH 3 groups at the ammonium headgroup were identified at δ = 51.1 ppm. Similarly, the CH 2 groups from both sides of ammonium headgroup were resonated at δ = 62.0 ppm and δ = 64.4 ppm. The multiple CH 2 groups in the ethoxy chain were seen by the signals at δ = 69.9 ppm. The signals at δ = 170.9 ppm can be attributed to the carbonyl carbon of the amide group. The FT-IR spectra of GS10 ( Figure 9 ) exhibited an adsorption band at 3414 cm −1 related to N-H stretching. Two sharp peaks at 2853 cm −1 and 2919 cm −1 can be related to the symmetric and asymmetric stretching of the CH 2 groups. Characteristic peaks at 1625 cm −1 and 15,439 cm −1 may be attributed to the carbonyl stretching of amide I and amide II band. The signals at 1461 cm −1 and 1344 cm −1 can be coupled with the CH 2 and CH 3 bending, respectively. The intense peak at 1097 cm −1 can be related to the ether (C-O-C) group. Overall, the NMR and FT-IR spectra of the GS10 before and after aging were in agreement with the structure and no structure decomposition was observed. . FT-IR spectra of GS10 before aging and after aging.
Salt Resistance and Solubility
Surfactant solubility and stability in the presence of reservoir ions is one of the most important properties of any surfactant selected for oilfield application. The presence of different monovalent and divalent salts in injected water (normally seawater) and FW accelerates the formation of precipitates and diminishes the surfactant ability to reduce IFT and alter rock wettability. It was observed that the addition of a proper number of ethoxy (EO) units between the lipophilic tail and lipophobic headgroup enhances the solubility of the GSs in all kinds of water (DW, SW, and FW). The increase in solubility with the addition of EO units can be explained by the hydrogen bonding effect. The oxygen atom in EO units form hydrogen bonding with the hydrogen atom of water molecules and an increasing number of EO units results in more hydrogen bonding which further enhances the surfactant solubility ( Figure 10 ). The aqueous solubility and salt resistance level of GSs were investigated by dissolving the GSs samples in SW and FW, then they were placed in an oven for up to three months at 90 °C. The percentage of all salts in aqueous surfactant solution is outlined in Table 5 . All three surfactants (GS8, GS10, GS12) exhibited pronounced solubility in DW, SW, and FW without precipitation, phase separation, or cloudiness for up to three months at 90 °C (Figure 11 ). 
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Surface Tension Analysis
The CMC was identified by using surface tension (γ) and log surfactant molar concentration (C) curves at 30 °C and 60 °C. The maximum surface access at the air/solution interface (гmax) and the minimum area (Amin) occupied by the surfactant was studied using Gibbs adsorption equations:
Here dγ/dlnC is the slope below CMC in surface tension plot, R is the gas constant, C represents the concentration of the surfactant, T represents temperature, NA is the Avogadro's number and n is three for the gemini amphiphile [43] . Figures 12-14 show the surface tension values of GS8, GS10, and GS12, respectively, at different temperatures and salinities. The derived surface properties are depicted in Table 6 . The decrease in surface tension was observed by enhancing the concentration of GS until CMC was achieved. Further addition of GS showed a negligible change in the surface tension beyond CMC. For all GSs with Figure 11 . Snapshot of GS8, GS10, and GS12 solutions in reservoir brine (FW) and seawater (SW).
The CMC was identified by using surface tension (γ) and log surfactant molar concentration (C) curves at 30 • C and 60 • C. The maximum surface access at the air/solution interface (г max ) and the minimum area (A min ) occupied by the surfactant was studied using Gibbs adsorption equations:
Here dγ/dlnC is the slope below CMC in surface tension plot, R is the gas constant, C represents the concentration of the surfactant, T represents temperature, N A is the Avogadro's number and n is three for the gemini amphiphile [43] . Figures 12-14 show the surface tension values of GS8, GS10, and GS12, respectively, at different temperatures and salinities. The derived surface properties are depicted in Table 6 . The decrease in surface tension was observed by enhancing the concentration of GS until CMC was achieved. Further addition of GS showed a negligible change in the surface tension beyond CMC. For all GSs with different spacer lengths, the CMC and surface tension at CMC (γ cmc ) decreased upon enhancing salinity and temperature. At any concentration, the CMC and γ cmc of the GSs were higher in DW as compared °C, as well as in DW and SW, ˂ ˂ was in the order of GS12 GS10 GS8 because the longer GS12 spacer makes it easier to be situated at the water-micelle interface and forms a more closely packed micelle structure [28] . GS12 showed the minimum CMC (6.55 × 10 −6 mol/L) in DW at 60 °C followed by GS10 and GS8. A similar trend was observed at both salinities and temperatures for GS8, GS10 and GS12 and these results are in agreement with the literature [18, 19] . The surface access (гmax) decreased upon enhancing salinity and temperature but increased by increasing ˃ spacer length in the order GS12 ˃ GS10 GS8. A minimum area occupied by GS (Amin) also influenced by the spacer length, salinity, and temperature. Amin reduced upon increasing spacer length in the order of GS12 ˂ GS10 ˂ GS8 but increased by increasing salinity and temperature. In summary, all the synthesized GSs exhibited very low CMC in DW and SW. The surface tension values depend on the interaction of the molecules of GS at the water-micelle interface. Any factor (internal or external) that facilitate the presence of GS at the water-micelle interface will result in surface tension reduction [23] . Increasing the concentration of salts also increases the presence of the GS at the water-micelle interface by lowering the hydration of surfactant molecules. Increasing the concentration of salts also reduces the repulsion of GS molecule which results in more close packing at the water-micelle interface. Therefore, increasing the concentration of salts lowers the CMC and γ cmc values. The synthesized GS8, GS10, and GS12 have similar alky tail, EO units, and ammonium headgroup. The only difference is the length of the spacer which is the only factor responsible for determining aggregation morphologies. The CMC of GSs at 30 • C and 60 • C, as well as in DW and SW, was in the order of GS12 < GS10 < GS8 because the longer GS12 spacer makes it easier to be situated at the water-micelle interface and forms a more closely packed micelle structure [28] . GS12 showed the minimum CMC (6.55 × 10 −6 mol/L) in DW at 60 • C followed by GS10 and GS8. A similar trend was observed at both salinities and temperatures for GS8, GS10 and GS12 and these results are in agreement with the literature [18, 19] . The surface access (г max ) decreased upon enhancing salinity and temperature but increased by increasing spacer length in the order GS12 > GS10 > GS8. A minimum area occupied by GS (A min ) also influenced by the spacer length, salinity, and temperature. A min reduced upon increasing spacer length in the order of GS12 < GS10 < GS8 but increased by increasing salinity and temperature. In summary, all the synthesized GSs exhibited very low CMC in DW and SW.
Conclusions
Environmentally friendly gemini surfactants are comparatively new materials for oilfield application. In this report, three quaternary ammonium gemini surfactants (GS8, GS10, GS12) with the same functionalities, except for the length of the spacer, were synthesized and characterized by FT-IR, 13 C NMR, 1 H NMR, and MALDI-TOF MS. The effect of flexible larger spacers (C8, C10, and C12) on the thermal and surface properties was studied. According to TGA analysis, the GSs showed almost similar thermograms and exhibited higher decomposition temperature (227 • C) compared to existing oilfield temperature (≥90 • C). The GSs exhibited excellent solubility in normal and saline water and the aqueous solutions of GS8, GS10, GS12 stayed clear for up to three months at 90 • C without precipitation or phase separation. It was noticed that the increase in spacer length shifts the CMC and γ cmc to lower values in the order of GS8 > GS10 > GS12. The larger spacer in GS12 stimulates micelle formation at the water-micelle interface and creates a more closely packed micelle structure which leads to a lower CMC. The effect of salinity and temperature on micellization was also investigated through surface tension measurements. A significant decrease in CMC and γ cmc was observed in the presence of salts and at high temperature. The IFT, rheology, and foam analysis are proceeding in our laboratories.
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